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ABSTRACT
A new semi-automatic approach is employed to carry out the abundance analysis of high-
resolution spectra of HD 41076 and HD 148330 obtained recently with the spectropolarimetre
ESPaDOnS at the CFHT. This approach allows to prepare in a semi-automatic mode the input
data for the modified ZEEMAN2 code and to analyse several hundreds of line profiles in
sequence during a single run. It also provides more information on abundance distribution for
each chemical element at the deeper atmospheric layers. Our analysis of the Balmer profiles
observed in the spectra of HD 41076 and HD 148330 has resulted in the estimates of their
effective temperature, gravity, metallicity and radial velocity. The respective models of stellar
atmosphere have been calculated with the code PHOENIX and used to carry out abundance
analysis employing the modified ZEEMAN2 code. The analysis shows a deficit of the C, N,
F, Mg, Ca, Ti, V, Cu, Y, Mo, Sm and Gd, and overabundance of Cr, Mn, Fe, Co, Ni, Sr, Zr,
Ba, Ce, Nd and Dy in the stellar atmosphere of HD 41076. In the atmosphere of HD 148330,
the C, N and Mo appear to be underabundant, while the Ne, Na, Al, Si, P, Ca, Ti, V, Cr, Mn,
Fe, Co, Ni, Zn, Sr, Y, Zr, Ba, Ce, Pr, Nd, Sm, Eu, Gd and Dy are overabundant. We also have
found signatures of vertical abundance stratification of Fe, Ti, Cr and Mn in HD 41076, and
of Fe, Ti, V, Cr, Mn, Y, Zr, Ce, Nd, Sm and Gd in HD 148330.
Key words: atomic processes – line: formation – line: profiles – stars: atmospheres – stars:
chemically peculiar – stars: individual: HD 41076 and HD 148330
1 INTRODUCTION
Significant portion of main sequence stars with spectral classes
from B2 to F4 show abundance peculiarities of various chemical
species and are commonly named chemically peculiar (CP) stars
following the suggestion of George Preston (Preston 1974). He has
proposed to divide all known CP stars in four distinct groups de-
pending on the presence of magnetic field in their stellar atmo-
sphere and on the type of chemical elements that show enhanced
or depleted abundance with respect to their solar abundance. Later
extensive studies of CP stars revealed new types of abundance pe-
culiarities, and a more detailed classification of CP stars was pro-
posed by Maitzen (1984) and Smith (1996). Renson & Manfroid
⋆ Based on observations obtained at the Canada-France-Hawaii Telescope
(CFHT) which is operated by the National Research Council of Canada,
the Institut National des Sciences de l’Univers of the Centre National de la
Recherche Scientifique of France, and the University of Hawaii. The oper-
ations at the Canada-France-Hawaii Telescope are conducted with care and
respect from the summit of Maunakea which is a significant cultural and
historic site.
† E-mail: Viktor.Khalack@umoncton.ca
(2009) have used this classification to compile an extensive list of
known and suspected Ap, HgMn and Am stars.
Some main sequence CP stars show abnormally strong absorp-
tion lines (due to enhanced abundance of respective chemical ele-
ment) that do not vary with the phase of stellar axial rotation, while
others show variability of absorption line profiles in their spectra
with the period of stellar rotation. This line profile variability can
be explained in terms of horizontal inhomogeneous distributions
of elements abundance in stellar atmosphere (Khokhlova 1975).
For the magnetic CP stars (BpAp stars), it was shown that the ob-
served properties of the line profile variability can be explained in
terms of overabundance and/or underabundance patches in com-
bination with the inclined dipole model for the structure of stel-
lar magnetic field that does not change significantly over several
decades (Mathys & Hubrig 1997; Romanyuk et al. 2014). The sig-
nificant magnetic field of BpAp stars can effectively suppress tur-
bulence and large-scale circulation of plasma in their stellar atmo-
sphere (Alecian & Stift 2010; Stift & Alecian 2012). This effect is
even more pronounced in the slowly rotating BpAp stars. There-
fore, it is commonly assumed that stellar atmospheres of BpAp
stars are hydrodynamically stable. In the slowly rotating non-
magnetic CP stars that show signatures of horizontal abundance
c© 2016 RAS
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Table 1. Journal of observations and measurements of the mean magnetic field.
Object Date HJD texp S/N < Bz > < Nz >
(UTC) (2400000+) (s) Stokes I / V (G) (G)
HD 41076 2016 Feb 22 57440.71211 766 580/490 99±49 -15±49
HD 148330 2014 Feb 10 56699.09040 1016 760/500 114±52 6±52
HD 148330 2014 Feb 15 56704.07140 1016 870/550 -70±54 5±54
stratification the meridional circulation is assumed to be weak
and they may also possess a hydrodynamically stable atmosphere
(Michaud et al. 2015). This argument is not valid for the Am-Fm
stars even if they rotate slowly because they possess a convective
stellar atmosphere (Michaud et al. 1983). In the Am-Fm stars the
observed enhanced abundance of certain chemical species is deliv-
ered to the upper atmosphere by convection from the much deeper
layers (in the bottom of convection zone), where those elements are
overabundant due to the effective mechanism of atomic diffusion
(Michaud et al. 1983; Michaud et al. 2015).
Competition between the gravitational and radiative forces in
a hydrodynamically stable atmosphere launches the atomic diffu-
sion mechanism (Michaud 1970) that can be responsible for the
abundance peculiarities observed in CP stars. The same mecha-
nism can cause accumulation or depletion of chemical elements
at certain optical depths and lead to a vertical stratification of
element abundances in the hydrodynamically stable stellar at-
mosphere. Presence of a strong magnetic field can intensify ac-
cumulation or depletion of chemical elements at certain opti-
cal depths and reshape a pattern of vertical stratification of ele-
ment abundances (Alecian & Stift 2010; Ryabchikova et al. 2008;
Stift & Alecian 2012). Accumulation or depletion of chemical el-
ements at certain optical depths brought about by atomic diffu-
sion can modify the structure of stellar atmospheres. Therefore,
the observed patterns of vertical abundance stratification of differ-
ent chemical species are required for development and further im-
provement of realistic stellar atmosphere models (see, for example,
Hui-Bon-Hoa et al. (2000) and LeBlanc et al. (2009)) that take into
account the vertical stratification of elements.
Ryabchikova et al. (2003) have shown that iron and chromium
abundances increase towards the deeper atmospheric layers in
β CrB. In HD 133792 and HD 204411 the light and the iron-
peak elements are concentrated in the lower atmospheric layers
(Ryabchikova et al. 2004). Meanwhile the rare-earth elements (for
example, Pr and Nd) are usually pushed into the upper atmo-
sphere of Ap stars (Mashonkina et al. 2005). For the HgMn star
HD 178065, Thiam et al. (2010) have found that the manganese
abundance increases towards its deeper atmospheric layers. Detec-
tion of vertical stratification of element abundances in stellar atmo-
spheres of CP stars is an indicator of the effectiveness of the atomic
diffusion mechanism (Michaud 1970).
To search for the signatures and to study the vertical strat-
ification of chemical species in the atmospheres of CP stars,
we have initiated Project VeSElkA (Khalack & LeBlanc 2015a;
Khalack & LeBlanc 2015b), which stands for Vertical Stratifica-
tion of Element Abundances. Slowly rotating (Vsin i < 40 km s−1)
CP stars of the upper main sequence were selected for our study
using the catalogue of Ap, HgMn and Am stars of Renson & Man-
froid (2009). This condition was imposed because a star with slow
axial rotation has a higher probability to possess a hydrodynami-
cally stable atmosphere where the atomic diffusion mechanism can
produce vertical stratification of element abundances. Small value
of Vsin i results in a number of narrow and mostly unblended line
profiles in stellar spectra that we can employ for our abundance
analysis (Khalack et al. 2013; Khalack et al. 2014).
In this article we present our results from spectral analysis
of HD 41076 and HD 148330 (DQ Dra) that were recently ob-
served in the frame of the VeSElkA project. Abundance peculiarity
of chemical species in stellar atmosphere of HD 148330 has been
first reported by Zˇizˇnˇovsky´ (1980) indicating an enhanced abun-
dance of Ti, V, Cr, Ni and rare earth elements (REE). According
to Zˇizˇnˇovsky´ & Romanyuk (1990) it possess a weak longitudinal
magnetic field that varies with the period P=4d .2884. This period is
twice larger than the period of photometric and spectral variability
found for this star (Zˇizˇnˇovsky´ & Romanyuk 1990).
The observations and the reduction procedure are considered
in details in Section 2. The procedure through which we have deter-
mined the fundamental stellar parameters is discussed in Section 3.
The fitting methodology is described in Section 4, while the results
of abundance analysis are presented in Section 5. A discussion fol-
lows in Section 6.
2 OBSERVATIONS AND DATA REDUCTION
The high resolution (R=65000) Stokes IV spectra with S/N>500
were obtained recently with ESPaDOnS (Echelle SpectroPolari-
metric Device for Observations of Stars) in the spectral domain
from 3700A˚ to 10000A˚ employing the deep-depletion e2v device
Olapa (see Table 1). The optical characteristics of the spectrograph
as well as the instrument performances are described by Donati et
al. (2006)1. The obtained spectra were reduced using the dedicated
software package Libre-ESpRIT (Donati et al. 1997) which yields
both the Stokes I spectrum and the Stokes V circular polarisation
spectrum.
Table 1 provides a journal of spectropolarimetric observations
HD 41076 and HD 148330, where names of the studied objects
are specified in the first column. The second and the third columns
present the UTC date and the HJD of data acquisition respectively.
The exposure duration and the S/N ratio (in Stokes I and V spec-
tra) are given respectively in the fourth and the fifth columns. The
estimates of the mean longitudinal magnetic field and the null field
in HD 41076 and HD 148330 are given in the sixth and seventh
columns respectively (see Subsec. 3.3).
The effective temperature and gravity were determined from
the best fit of the non-normalized Balmer line profiles (see Sec-
tion 3 and Fig. 1). In order to carry out the abundance analysis (see
Section 5) the reduced spectra were normalised.
1 For more details about this instrument, the reader is invited to visit
www.cfht.hawaii.edu/Instruments/Spectroscopy/Espadons/
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Table 2. List of fundamental stellar parameters derived from the fitting of Balmer line profiles using two grids of synthetic fluxes. One grid was simulated with
the code PHOENIX16 and another one with the code PHOENIX15 (see Section 3).
Object Teff, log(g) V sin i Vr [M/H] χ
2/ν PHOENIX
K km s−1 km s−1 version
HD 41076 9483±100 3.69±0.10 7±2a -14.0±0.5 -0.50±0.10 0.6213 15
9424±100 3.71±0.10 7±2a -14.0±0.5 -0.50±0.10 0.4863 16
HD 148330 9303±100 3.70±0.10 10±2a -3.3±0.5 0.00±0.10 0.6286 15
8965±100 3.62±0.10 10±2a -3.3±0.5 0.00±0.10 0.5708 16
Notes: aFrom preliminary analysis of Si II line profiles.
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Figure 1. The observed Balmer line profiles (thick line) of HD 41076 (left) and HD 148330 (right) are relatively well fitted by the synthetic spectra (thin dotted
line) that correspond to Teff = 9483 K, logg = 3.69, [M/H]= -0.5 (χ
2/ν = 0.6213) and Teff = 9303 K, logg = 3.70, [M/H]= 0.0 (χ
2/ν = 0.6286) respectively.
Differences between the observed and synthetic spectra are shown at the bottom of each image. The Balmer line profiles are shifted by 0.5 and the differences
are shifted by 0.1 for the sake of visibility.
3 ESTIMATION OF FUNDAMENTAL STELLAR
PARAMETERS
3.1 Analysis of Balmer line profiles
To determine the effective temperatures, gravities and metallicities
for the studied stars (see Table 2) the observed (non-normalised)
Balmer line profiles were fitted with the help of FITSB2 code
(Napiwotzki et al. 2004) using the grids of stellar atmosphere mod-
els simulated for different Teff, logg and metallicity, as well
as respective synthetic fluxes calculated with spectral resolution
R=60000 (Khalack & LeBlanc 2015a). The code FITSB2 performs
fitting only of the Balmer line profiles while also taking into ac-
count some strong metal lines visible at the Balmer wings to find
a model with the best Teff, logg and metallicity, but it does not
provide an exact abundance of chemical species. The grids of at-
mospheric models and synthetic fluxes have been calculated em-
ploying version 15 of the code PHOENIX (Hauschildt et al. 1997).
The same Balmer line profiles of each star were also fitted
using grids of stellar atmosphere models and respective synthetic
fluxes simulated by Husser et al. (2013). Then we compared results
obtained with two different grids of synthetic fluxes. Husser et al.
c© 2016 RAS, MNRAS 000, 1–15
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Figure 2. Position of HD 41076 (left) and HD 148330 (right) in the Hertzsprung-Russell diagram. The constraints for Teff and log(L/L⊙) are shown by the
1σ-error bars. Isochrones are overplotted in continuous lines assuming [M/H]=-0.5 for HD 41076 and [M/H]= 0.0 for HD 148330.
Table 3. Stellar parameters obtained from photometry.
Parameter HD 41076 HD 148330
Distancea (pc) 158.98±0.07 119.90±0.03
Age: log(t) 8.755±0.025 8.705±0.015
MV (mag) 0.03±0.15 0.34±0.06
log(L∗/L⊙) 1.92±0.06 1.80±0.02
T beff (K) 9483±100 9303±100
M∗/M⊙ 2.32±0.05 2.47±0.03
log(g) 3.74±0.08 3.86±0.06
T ceff (K) 9579±60 9292±20
T deff (K) 9669±210 9322±180
Notes: adata from Hipparcos (van Leeuwen 2007), bresults obtained from
the fitting of Balmer lines using the grid of synthetic fluxes calcu-
lated with PHOENIX15 (Hauschildt et al. 1997), cresults obtained from
the c1 photometric temperature calibrations (Napiwotzki et al. 1993),
d results obtained from the (B−V)0 photometric temperature calibrations
(Netopil et al. 2008).
(2013) have simulated a library of synthetic fluxes2 with spectral
resolution R=500000 for stellar atmosphere models with different
values of effective temperature, gravity, metallicity and abundance
of the α-elements (O, Ne, Mg, Si, S, Ar, Ca, and Ti) using the
version 16 of the code PHOENIX (Hauschildt & Baron 1999). For
convenience of fitting the Balmer line profiles, we have decreased
the original spectral resolution of synthetic fluxes simulated by
Husser et al. (2013) to R=50000, and then compiled grids of models
for different metalicities and abundances of the α-elements.
The two grids of models provide similar best fit results for
the observed Balmer line profiles taking into account estimation
errors for the fundamental stellar parameters except for Teff in
HD 148330 (see Table 2). The fitting procedure depends very little
on the value of V sin(i) used for each star. To minimise this un-
certainty, we have performed a preliminary analysis of several Si II
line profiles in HD 41076 and HD 148330 to obtain approximate
values of V sin(i) (see Table 2). These estimates of V sin(i) have
been used respectively to fit the Balmer line profiles in each star.
Meanwhile, the radial velocity given in Table 2 was determined
for each star as a result of the best fit of the Balmer line profiles
2 Synthetic spectra are available at http://phoenix.astro.physik.uni-goettingen.de/
(see Napiwotzki et al. (2004) for details). With the help of FITSB2
code (Napiwotzki et al. 2004) we also have derived the values of
Teff, logg and metalicity for both studied stars (see Table 2). Fig. 1
shows an example of the best fit of nine Balmer line profiles ob-
tained respectively for HD 41076 and HD 148330. The differences
between the observed and synthetic spectra presented at the bot-
tom of each image show that the obtained best fit approximates the
cores and the wings of Balmer lines in HD 41076 relatively well
even taking into account the presence of some metals lines in the
studied spectral area. In the case of HD 148330 we can see some
small differences rest in the centers of several Balmer line cores,
but there we also have much more metal lines that contribute to the
quality of final fit increasing the value of χ2/ν.
3.2 Photometric temperature calibration
In the case of HD 41076, the grids of stellar atmo-
sphere models simulated with the code PHOENIX-15
(Khalack & LeBlanc 2015a) and with with the code PHOENIX-16
(Husser et al. 2013) provide almost the same results (see Table 2).
Taking into account the estimation errors the derived effective
temperature is close to the value Teff= 9579±60 K (see Table 3)
obtained using the temperature [c1]-calibration for Ap stars
(Napiwotzki et al. 1993) and the index [c1]=1.028±0.010 deter-
mined following Stro¨mgren (1966) from the uvbyβ photoelectric
photometry of HD 41076 (Hauck & Mermilliod 1998). Taking
into account the parallax measured by Hipparcos (ESA 1997;
van Leeuwen 2007) the distance to HD 41076 is 159 pc that
results in E(B − V)SFD ≈0.02
3 mag (Schlafly et al. 2014;
Green et al. 2014; Green et al. 2015) that according to Schlafly
& Finkbeiner (2011) corresponds to E(B−V) ≈0.018 mag. The
colour B−V ≈-0.035 mag provided by Hipparcos for HD 41076
(ESA 1997) is reduced to (B−V)0 ≈-0.053 mag, which is very
close to the limit -0.05 mag used by Netopil et al. (2008) for
photometric temperature calibration. Assuming that the interstellar
reddening is slightly overestimated we have used the calibration
for -0.056 (B−V)0 and obtained Teff ≈9669±210 K, which is
again close to our result taking into account the estimation errors
(see Table 3).
Using the temperature c1-calibration for Ap stars
3 Service for the 3D dust mapping http://argonaut.rc.fas.harvard.edu/query
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(Napiwotzki et al. 1993) and the index [c1]=1.088±0.004
determined from the uvbyβ photoelectric photometry of
HD 148330 (Hauck & Mermilliod 1998) we have estimated
its Teff= 9292±20 K, which is very close to the value of effec-
tive temperature obtained employing the PHOENIX-15 grids
(see Table 3). Basing on the Hipparcos parallax obtained for
HD 148330 (ESA 1997; van Leeuwen 2007) we have estimated
that the distance to this star is 120 pc. This estimate leads to
E(B−V)SFD ≈0.005 mag (Schlafly et al. 2014; Green et al. 2014;
Green et al. 2015) that corresponds to E(B − V) ≈0.0044
mag (Schlafly & Finkbeiner 2011). In this case, the Hippar-
cos B − V color of HD 148330 (ESA 1997) is reduced to
(B − V)0 ≈-0.003 mag and the photometric temperature cal-
ibration (Netopil et al. 2008) provides for this star its Teff=
9322±180 K, which also is close to our estimate. It should
be pointed out that our estimate of effective temperature and
the aforementioned results for Teff obtained for this star from
photometric calibrations are significantly smaller than the value
Teff=9750K derived by Zabriskie (1977) and Cowley et al. (1978),
but higher than the value Teff=9164K obtained by Mihalas (1970).
Nevertheless, our estimate of effective temperature is close to
the value Teff= 9400±480 K derived by (Sokolov 1998) from
the analysis of slope of the Balmer continuum in spectrum of
HD 148330.
Knowing the value of E(B−V)SFD one can estimate an in-
terstellar extinction (Schlafly & Finkbeiner 2011) and for each star
determine its absolute magnitude and luminosity (see Table 3) bas-
ing on the visual magnitude and distance provided by Hipparcos
catalogue (ESA 1997). We have used the Teff obtained from fitting
of Balmer line profiles and the derived luminosity to locate the posi-
tions of the studied stars on the Hertzsprung-Russell (HR) diagram
among the isochrones4 calculated by Bressan et al. (2012) for the
metallicity [M/H]=-0.5 in the case of HD 41076 and for [M/H]=
0.0 in the case of HD 148330 (see Fig. 2). The interpolation of
data basing on the izochrones closest to the position of HD 41076
and HD 148330 in the HR diagram results in determination of their
age, mass and surface gravity (see Table 3). The derived in this way
values of log(g) are close to the data obtained from the fitting of
Balmer line profiles taking into account the estimation errors (see
Table 2).
3.3 Magnetic field estimates
To estimate the longitudinal magnetic field of studied stars from
their spectra-polarimetric observations (Stokes I and V spectra) we
have analysed the core of Hα line profile employing the method
described by Landstreet et al. (2015). This method has been tested
using the Stokes I and V spectra of HD 16605 and HD 49299. It has
provided estimates of the mean longitudinal magnetic field < Bz >
in HD 16605 and HD 49299 that are similar to the data obtained
by Landstreet et al. (2015) employing the Least Square Deconvo-
lution method (Landstreet et al. 2008). Our estimates of the mean
longitudinal magnetic field < Bz > and of the null field < Nz >
for HD 41076 and HD 148330 are presented in Table 1. For both
stars our measurements of < Bz > exceed the respective values of
the null field, but are within the area of one-two σ of measurement
errors.
4 For more details the reader is invited to visit stev.oapd.inaf.it/cgi-
bin/cmd.
Table 4. List of spectral lines used for the abundance analysis of HD 148330
implementing the first approach (see Subsection 4.1). The full versions of
this table for both studied stars are available online.
Ion λ, A˚ logNion/Ntot logg f El, cm
−1
C I 4932.049 -4.314±0.012 -1.658 61981.82
C I 5380.337 -4.452±0.002 -1.616 61981.82
C I 9061.440 -3.734±0.004 -0.347 60352.63
C I 9088.510 -4.141±0.005 -0.430 60352.64
Our measurements of < Bz > in HD 148330 are in accor-
dance with the data of Zˇizˇnˇovsky´ & Romanyuk (1990) (see their
Fig. 4) and Shorlin et al. (2002) obtained for the same star. Never-
theless, as the obtained values of < Bz > are not statistically differ-
ent from zero for both stars, we have not included magnetic field
into the procedures of line profile fitting and abundance analysis
(see Section 4). Respectively the Zeeman and Pashen-Back effects
(Khalack & Landstreet 2012) were not taken into account during
the simulation procedure.
4 FITTING PROCEDURE
4.1 First approach
To perform abundance analysis of HD 41076 and HD 148330, we
have employed two different procedures to fit the observed line pro-
files that belong to metals. The aim is to compare their results and
to see which method is more effective.
First approach has been previously used by Khalack et al.
(2007; 2008; 2010; 2013; 2014), Thiam et al. (2010) and LeBlanc
et al. (2015) to search for signatures of vertical stratification of el-
ement abundance in stellar atmospheres of some BHB, post-HB
and CP stars (see Section 6). It assumes that each line profile se-
lected for analysis is formed mainly due to a contribution of only
one chemical element. Lines that belong to the different ions of
the same element and contribute to a specific profile are included
into simulation procedure together with lines of some other ele-
ments that appear to be significant (for example in blends). Selec-
tion procedure is usually performed manually when a researcher
chooses mainly unblended (not contaminated by a contribution
from other chemical species) line profiles for analysis. The fitting
procedure has been performed separately for each analysed chem-
ical element. To fit a list of selected line profiles that belong to the
same element, we have employed the modified ZEEMAN2 code
(Khalack & Wade 2006; Khalack et al. 2007) that determines a ra-
dial velocity of studied star, the projection of its rotational velocity
to the line of sight Vsin i and the abundance of the chemical element
independently for each profile. An example of C I lines used for
simulation of selected line profiles in HD 148330 with respective
atomic data and derived abundances is given in Table 4. The first
and the second columns in the Table 4 specify the ion responsible
for origin of analysed spectral line and its central wavelength. The
3rd, 4th and 5th columns provide respectively the found abundance
of the ion, the used oscillator strength and the energy of lower term
for each analysed line.
In this approach, we assume that the core of the line profile
is formed mainly at line optical depth τℓ=1, which corresponds
to a particular layer of the stellar atmosphere. If there are sev-
eral lines of the same element that contribute to the studied pro-
file, we pick the strongest one and determine the optical depth
τℓ=1 of its core formation. Therefore, from the simulation of each
c© 2016 RAS, MNRAS 000, 1–15
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Figure 3. Distribution of iron abundance with optical depth in HD 41076 assuming a stellar atmosphere model with Teff= 9483 K, logg= 3.69 (left) and in
HD 148330 assuming a stellar atmosphere model with Teff= 9303 K, logg= 3.70 (right) based on the best fit results for Fe I lines (triangles) and Fe II lines
(circles). Top two images show results obtained employing the first approach, while the bottom two images show results obtained with the second approach for
abundance analysis. In the case of HD 148330, results derived employing the second approach are presented by filled symbols for the first spectrum (observed
on Feb.10, see Table 1) and by open symbols for the second spectrum (observed on Feb.15, see Table 1). Two available spectra of HD 148330 were combined
while we have carried out the abundance analysis employing the first approach.
line profile that belongs to a specific ion, we can obtain its abun-
dance at a particular layer of the stellar atmosphere (that corre-
sponds to a particular value of continuum optical depth τ5000). Tak-
ing into account that the different spectral lines (that contribute
to different profiles) usually have different lower energetic levels
and oscillator strengths, their cores are generally formed at dif-
ferent optical depths τ5000. In this way, we can study the verti-
cal distribution of an element’s abundance from the analysis of a
large number (at least ten or more) of line profiles that belong to
one or two ions of this element, which are detected in the ana-
lyzed spectrum (Khalack et al. 2008). Similar approach was used
recently by (Castelli et al. 2017) to study the abundance anomalies
in non-magnetic Bp stars HR 6000 employing the average optical
depth of line profile formation (Castelli 2005).
In the first approach we can use the high-resolution
(R=60000) and high signal-to-noise ratio (S/N¿250) spectra to
derive from the fitting procedure values of the free model
parameters with a precision sufficiently high to track the
abundance variation with optical depth (Khalack et al. 2014;
Khalack & Poitras 2015; LeBlanc et al. 2015). The spectra with
lower resolution (R=45000) and smaller S/N ratio also can be
used, but the fitting procedure will results in a lower precision
of abundance estimates (Khalack et al. 2007; Khalack et al. 2008;
Khalack et al. 2010). This precision will be even lower if the anal-
ysed line profile is significantly blended. Therefore, using the first
approach we select for analysis mainly unblended line profiles,
which we can find plenty in stars with Vsin i < 40 km s−1. The
slowly rotating CP stars also may posses a hydrodynamically stable
atmosphere where the mechanism of atomic diffusion can be effec-
tive (Michaud et al. 2015). This approach can be applied to perform
abundance analysis of spectra with higher values of Vsin i as well.
Nevertheless, in this case the number of unblended line profiles
will be much smaller that limits significantly our capacity to search
for vertical abundance stratification of chemical species. For a star
with high rotational velocity the probability to have a hydrodynam-
ically stable atmosphere is small due to development of meridional
circulation (Michaud et al. 2015).
Fig. 3 shows an example of distribution of iron abundance
with optical depth in HD 41076 and HD 148330 obtained using
this approach. A similar distribution has been derived for each ana-
lyzed chemical element. Then, taking into account this distribution,
we calculated its average abundance (with respect to the solar abun-
dance) and the estimation error (see Table 5). In Table 5 the second
and the third columns provide respectively the average abundance
with the estimation errors and the number of analysed line profiles
for each ion (specified in the first column) in HD 41076, while the
4th and 5th columns present the same information for HD 148330.
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Table 5. Results of the first approach for averages abundances.
Ion HD 41076 HD 148330
[X/H] N [X/H] N
C I -0.47±0.10 6 -0.59±0.31 4
N I -0.39±0.16 4
O I -0.11±0.11 4
Mg I -0.00±0.25 4
Mg II +0.16±0.25 4 -0.06±0.38 4
Al II +0.80±0.14 5
Si II +0.07±0.13 9 +0.52±0.23 7
Ca I +0.23±0.16 15
Ca II +0.55±0.37 8
Ti II -0.15±0.26 33 +1.04±0.37 31
Cr II +0.47±0.26 15
Fe I +0.01±0.15 113 +0.14±0.24 58
Fe II +0.48±0.16 190 +0.44±0.27 65
Ni I +0.32±0.08 11
Sr II +1.13±0.08 2
Ba II +1.15±0.40 2
V sin i (km s−1) 7.5±0.5 355 9.8±1.0 239
Vr (km s
−1) -13.8±0.5 355 -3.5±0.7 239
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Figure 4. The observed spectrum (open circles) of HD41076 is relatively
well fitted by synthetic spectrum (solid line) simulated for the stellar at-
mosphere model with Teff = 9483K, logg = 3.69 (see Table 2). Position of
spectral lines that contribute to this profile is marked by vertical bars, whose
length is inversely proportional to optical depths τ5000 of line-core forma-
tion (longer bars correspond to smaller optical depth). The best fit results
for abundances of studied chemical elements are presented on the left side
of the graph, while the results for radial velocity, Vsin i and fitting quality
(χ2/ν) are given at the bottom right corner.
4.2 Second approach
Our second approach to abundance analysis uses an automatic pro-
cedure to select all the line profiles (blended or unblended with a
width less than 4A˚) located in spectral regions with well visible
continuum and a good S/N ratio (outside the wings of Balmer lines
and outside the regions with a forest of telluric lines) for analysis.
For each selected line profile, the automatic procedure uses atomic
database to compile a list of lines that contribute to this profile and
belongs to a set of chemical elements specified in the configura-
tion file. Present version of automatic procedure can use up to two
ionisation states of each specified element to compile a line list
separately for each analysed profile. The atomic database was pre-
compiled employing the NIST (Kramida et al. 2015) and VALD3
(Kupka et al. 2000; Ryabchikova et al. 2015) databases.
To fit the line profiles with simulated profiles, we employed
ZEEMAN2 code (Landstreet 1988) that we have modified from
the previous version (Khalack & Wade 2006; Khalack et al. 2007)
Table 6. Averages abundances obtained from analysis of HD 41076 using
the second approach (see Subsection 4.2).
El. [X I/H] N [X II/H] N [X/H] N
He +0.08±0.25 2 +0.08±0.25 2
C -0.61±0.14 4 -0.76±0.50 1 -0.64±0.11 5
N -0.40±0.06 5 -0.74±0.11 2 -0.49±0.08 7
O +0.06±0.12 8 -0.08±0.18 7 -0.01±0.10 15
F -0.81±0.19 3 -1.13±0.10 7 -1.04±0.10 10
Ne +0.17±0.06 18 +0.17±0.06 18
Na +0.36±0.50 1 +0.36±0.50 1
Mg -0.44±0.04 5 -0.41±0.05 5 -0.42±0.03 10
Al -0.63±0.50 1 +0.20±0.50 1 -0.21±0.41 2
Si -0.43±0.17 2 +0.06±0.06 15 +0.01±0.07 17
P +0.30±0.34 6 +0.30±0.34 6
S +0.09±0.18 3 +0.07±0.23 3 +0.08±0.13 6
Ar +0.60±0.06 2 -0.23±0.17 10 -0.10±0.17 12
Ca -0.35±0.02 2 -0.31±0.06 6 -0.32±0.04 10
Sc -0.41±0.37 2 -0.41±0.37 2
Ti +0.59±0.15 2 -0.17±0.04 43 -0.14±0.05 45
V -1.23±0.05 6 -0.99±0.32 4 -1.14±0.13 10
Cr +0.89±0.13 28 +0.30±0.08 62 +0.49±0.07 90
Mn +0.39±0.20 12 +0.08±0.18 15 +0.22±0.13 27
Fe +0.03±0.02 134 +0.47±0.03 134 +0.25±0.02 268
Co +0.67±0.24 11 +0.07±0.23 7 +0.44±0.18 18
Ni +0.03±0.09 18 +0.43±0.18 12 +0.19±0.10 30
Cu -0.99±0.06 9 -0.99±0.06 9
Zn +0.15±0.50 1 +0.15±0.50 1
Sr +1.11±0.32 2 +1.11±0.32 2
Y -0.15±0.11 5 -0.27±0.06 8 -0.22±0.06 13
Zr -0.50±0.50 1 +0.57±0.10 9 +0.46±0.14 10
Mo -1.64±0.08 19 -1.64±0.08 19
Ba +0.64±0.16 5 +0.64±0.16 5
Ce -0.69±0.06 5 +1.43±0.19 12 +0.81±0.28 17
Pr +0.23±0.30 2 +0.23±0.30 2
Nd -0.16±0.02 2 +1.46±0.18 13 +1.24±0.21 15
Sm -0.72±0.03 4 -0.47±0.50 1 -0.67±0.06 5
Eu -0.02±0.21 2 -0.02±0.21 2
Gd -0.79±0.14 4 -1.08±0.50 1 -0.85±0.12 5
Dy +2.79±0.22 3 +2.79±0.22 3
to automatically treat a list of a thousand line profiles in a consecu-
tive mode. In this approach, each line profile is fitted taking into ac-
count lines of the first two ionisation states of 36 chemical elements
(see Tables 6, 7) that may contribute to this profile. Therefore, we
have to increase a possible number of lines (maximum 130) that
can contribute to one observed profile and limit its maximal width
to 4A˚. This allows us to perform complex analysis of a selected line
profile and determine radial velocity of a studied star, projection of
its rotational velocity to the line of sight, Vsin i, and abundance of
all chemical elements whose lines contribute to this profile.
There might be several lines that belong to the same element
and contribute to an analyzed profile. Among these lines, we search
for optical depth τℓ=1 that corresponds to core formation of the
strongest line (in the spectral area of studied profile) of this ele-
ment (taking into account its two first ionisation states) and find a
corresponding value of optical depth τ5000 (corresponding layer of
the stellar atmosphere). Abundance of that particular element de-
rived from the best fit procedure is linked to the aforementioned
optical depth τ5000. Therefore we can create a plot abundance ver-
sus optical depth similar to the those shown at Fig. 3. The same
procedure is employed for other elements whose lines contribute
to the analyzed profile. In this way we connect the derived abun-
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Table 7. Averages abundances obtained from analysis HD 148330 using the second approach (see Subsection 4.2).
Feb. 10a Feb. 15a
El. [X I/H] N [X II/H] N [X/H] N [X I/H] N [X II/H] N [X/H] N
He -0.11±0.07 5 -0.11±0.07 5 -0.00±0.50 1 -0.00±0.50 1
C -0.03±0.17 7 -0.03±0.17 7 -0.27±0.17 7 -0.27±0.17 7
N -0.15±0.17 9 +0.09±0.22 7 -0.05±0.13 16 -0.42±0.06 7 -0.11±0.50 1 -0.38±0.07 8
O +0.03±0.12 14 +0.05±0.31 3 +0.03±0.11 17 +0.10±0.15 11 +0.02±0.19 5 +0.07±0.12 16
F +0.28±0.17 3 +0.12±0.13 10 +0.16±0.10 13 -0.42±0.50 1 +0.18±0.11 11 +0.13±0.11 12
Ne +0.46±0.50 1 +0.36±0.06 38 +0.36±0.06 39 -0.15±0.50 1 +0.27±0.07 26 +0.25±0.07 27
Na +0.50±0.21 4 +0.50±0.21 4 +0.67±0.02 2 +0.67±0.02 2
Mg +0.18±0.11 7 +0.12±0.14 6 +0.15±0.08 13 +0.14±0.16 5 -0.08±0.07 6 +0.02±0.08 11
Al +0.56±0.50 1 +0.84±0.03 4 +0.78±0.06 5 +0.59±0.50 1 +1.03±0.11 4 +0.95±0.12 5
Si +0.11±0.12 7 +0.49±0.07 18 +0.38±0.07 25 -0.12±0.12 6 +0.37±0.07 17 +0.24±0.07 23
P +0.60±0.50 1 +0.69±0.39 6 +0.68±0.33 7 +1.07±0.15 3 +0.52±0.27 5 +0.73±0.20 8
S +0.30±0.08 8 +0.31±0.11 8 +0.31±0.06 16 -0.05±0.11 5 +0.24±0.15 7 +0.12±0.10 12
Ar +0.04±0.10 30 +0.04±0.10 30 -0.03±0.04 2 -0.04±0.11 27 -0.03±0.10 29
Ca +0.17±0.03 30 +0.20±0.13 10 +0.18±0.04 40 +0.22±0.05 25 +0.32±0.11 10 +0.25±0.05 35
Sc -0.78±0.21 3 -0.04±0.09 11 -0.20±0.12 14 -0.40±0.30 5 -0.05±0.12 11 -0.16±0.12 15
Ti +0.93±0.13 22 +0.84±0.07 90 +0.86±0.06 112 +1.22±0.15 20 +0.75±0.05 81 +0.84±0.05 101
V +0.25±0.15 12 +0.60±0.07 33 +0.51±0.07 45 +0.10±0.31 7 +0.62±0.07 32 +0.53±0.09 39
Cr +0.85±0.10 47 +0.49±0.05 90 +0.61±0.05 137 +0.70±0.09 58 +0.42±0.05 89 +0.53±0.05 147
Mn +0.55±0.16 27 +0.46±0.13 27 +0.50±0.10 54 +0.38±0.13 26 +0.31±0.10 32 +0.34±0.08 58
Fe +0.13±0.02 222 +0.43±0.03 173 +0.26±0.02 395 +0.11±0.02 232 +0.44±0.03 163 +0.25±0.02 395
Co +0.99±0.20 19 +1.30±0.24 9 +1.09±0.16 28 +1.35±0.17 21 +1.25±0.20 11 +1.31±0.13 32
Ni +0.54±0.07 50 +1.03±0.08 24 +0.70±0.06 74 +0.57±0.06 58 +1.20±0.10 28 +0.77±0.06 86
Cu -0.09±0.10 18 -0.09±0.10 18 -0.18±0.12 14 -0.18±0.12 14
Zn +0.66±0.02 2 +0.66±0.02 2 +0.61±0.03 2 +0.61±0.03 2
Sr +2.70±0.50 1 +1.56±0.32 2 +1.84±0.37 3 +1.14±0.14 3 +1.14±0.14 3
Y +0.94±0.02 2 +0.98±0.07 22 +0.98±0.06 24 +1.22±0.27 3 +0.99±0.07 21 +1.02±0.08 25
Zr +2.40±0.08 2 +1.12±0.05 41 +1.18±0.06 43 -0.25±0.50 1 +1.17±0.05 39 +1.13±0.06 40
Mo -0.24±0.06 9 -0.24±0.06 9 -0.22±0.08 10 -0.22±0.08 10
Ba +1.50±0.23 7 +1.50±0.23 7 +1.51±0.18 4 +1.51±0.18 4
Ce +0.27±0.10 10 +1.56±0.09 58 +1.37±0.10 68 -0.42±0.20 4 +1.26±0.09 45 +1.12±0.11 49
Pr +0.39±0.33 2 +1.47±0.27 7 +1.23±0.27 9 +2.08±0.19 13 +2.08±0.19 13
Nd +0.33±0.09 2 +1.41±0.12 33 +1.35±0.12 35 +0.10±0.50 1 +1.52±0.10 33 +1.47±0.10 34
Sm +1.06±0.21 5 +2.09±0.17 14 +1.82±0.17 19 +0.28±0.09 2 +1.80±0.15 20 +1.66±0.17 22
Eu +0.24±0.31 2 +0.93±0.28 4 +0.70±0.24 6 +1.22±0.27 6 +1.22±0.27 6
Gd +0.37±0.15 4 +1.16±0.10 14 +0.98±0.12 18 +1.26±0.10 24 +1.26±0.10 24
Dy +0.88±0.24 4 +0.88±0.24 4 +0.99±0.15 4 +0.99±0.15 4
Notes: aresults for two separate spectra (see Table 1)
dance of each element to the optical depth of core formation of its
strongest line in the spectral area of analysed profile.
Usually the studied line profiles contain one or several strong
lines and some weak blends. Fig. 4 shows an example of the best
fit of analysed profile in the area 5264-5265A˚A˚ of HD 41076
spectrum, where abundances of studied chemical elements are pre-
sented on the left side of the graph while the values for velocities
and the fitting quality (χ2/ν) are given at the bottom right corner.
This profile includes relatively strong Fe II line and several blends
of ions that are well fitted using our second approach. This exam-
ple shows an advantage of the second approach that allows us to
properly fit even a complex line profile in an automatic regime.
The approach described above employs lines of up to 36
chemical elements to fit a studied line profile and therefore is more
flexible than the first approach (see Subsection 4.1). Our second
approach provides abundances of several elements from the anal-
ysis of only one profile. Precision of abundance determination for
elements that are responsible for weak blend is not high, but in
combination with the results obtained for the same element from
the best fit of other line profiles, this contributes to general pic-
ture of abundance variation with optical depth for this particular
element. From our experience, the high resolution spectra obtained
with ESPaDOnS (see Section 2) always contain more spectral mea-
surements (data at certain wavelengths) in a studied profile than the
amount of free model parameters used to fit it with a synthetic pro-
file (see, for example, Fig. 4). Therefore we are able to obtain rel-
atively good estimates of velocities (Vr and V sin i) and abundances
of all analysed elements that contribute to the studied line profile.
Using the second approach we can perform abundance anal-
ysis of spectra with Vsin i > 40 km s−1 that have a lot of blended
line profiles. The spectral resolution and the S/N ratio of analysed
spectra should be in this case high as well (R>60000 and S/N¿250),
because we fit each line profile using a higher amount of free model
parameters (see Fig. 4).
5 ABUNDANCE ANALYSIS
In our approaches for the abundance analysis we have used just
the Stokes I spectra assuming a zero magnetic field (see Subsec-
tion 3.3). Simulation of each line profile was performed 4–5 times
to reach the absolute minimum of χ2-function derived as the best fit
c© 2016 RAS, MNRAS 000, 1–15
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Figure 5. Average abundance of chemical species in HD 41076 (left panel) and HD 148330 (right panel) with respect to their solar abundance (dashed line).
In the case of HD 148330, the results derived from analysis of the first spectrum (observed on Feb.10, see Table 1) are presented by filled symbols and those
derived from analysis of the second spectrum (observed on Feb.15, see Table 1) are shown by open symbols.
result. Each new simulation was started with a different set of ini-
tial values of radial velocity, Vsin i and abundance of chemical el-
ements involved in the fitting routine. A post-simulation automatic
procedure has been employed to compare the best fit data derived
for each analysed profile in different simulations and select the best
fit results with the smallest value of χ2-function.
Among the analysed line profiles, the same procedure has au-
tomatically selected for abundance analysis only those profiles that
were fitted relatively well, i.e. for which the fitting routine resulted
in a sufficiently small value of χ2-function (Khalack et al. 2007).
The upper cut-off limit of χ2-function depends on the S/N-ratio in
studied spectrum (the higher S/N-ratio leads to a higher upper limit
of χ2). Profiles, for which we have obtained radial velocity and
Vsin i data that are significantly different from their average values,
are also excluded from abundance analysis even if the derived value
for χ2-function is relatively small (signifying a “good” fit).
For each analysed ion whose lines contribute to a studied line
profile, we determine its abundance and optical depth τ5000 that
corresponds to a layer of core formation of the strongest line of this
element in the spectral area of studied profile (see Subsection 4.2).
Abundance of ions responsible for formation of weak blends is
usually determined with a low precision. Therefore for abundance
analysis we accept only the abundance estimates with error bars
smaller than 0.25 dex. Lists of the strongest spectral lines of the
studied chemical elements, that contribute to the line profiles with
a “good” fit obtained implementing the second approach, are avail-
able online in the forme of Table 4 for HD 41076 and for the two
spectra of HD 148330.
5.1 Average abundance estimates
After selecting profiles with a “good” fit, the aforementioned post-
simulation automatic procedure has estimated an average abun-
dance for each elements as well as for each ion of that element.
Tables 6, 7 contain the average estimates of ions abundance de-
rived from analysis of HD 41076 and HD 148330 spectra respec-
tively. In Table 6, the first column specifies the analysed chemical
element. The 2nd and 3rd columns provide respectively an average
abundance with estimation errors for ”neutral” ions in stellar atmo-
sphere of HD 41076 and a number of analysed profiles where the
lines of neutral ions are the strongest ones (among the other spectral
lines of the same element). The 4th and 5th, 6th and 7th columns
provide the same information for once ionised ions and for both
ions of this element in atmosphere of HD 41076 respectively. Two
available spectra of HD 148330 (see Table 1) have been analysed
separately and the derived abundances for each chemical element
are shown in two separate parts of the Table 7. The first seven rows
are the same as in Table 6, but provide information for the spectrum
of HD 148330 observed on Feb. 10, while last six rows present sim-
ilar data for the second spectrum of this star observed on Feb. 15.
Our analysis shows that in stellar atmosphere of HD 41076
the fluorine, vanadium, copper and gadolinium are in a significant
deficit (∼ -1.0 dex, see Tables 5, 6, 7 and Fig. 5) with respect to
their solar abundance (Grevesse et al. 2010; Grevesse et al. 2015;
Scott et al. 2015a; Scott et al. 2015b), while molybdenum shows
even stronger underabundance around -1.6 dex. Carbon, nitrogen,
magnesium, calcium and samarium also show a significant under-
abundance (∼ -0.3 – -0.7 dex, see Table 6) of neutral and once
ionised ions in this star. It should be pointed out that using the
first approach we found magnesium at its solar abundance (see Ta-
ble 5). The derived abundance of V I appears to be smaller than
the abundance of V II. The detected Ti I lines are mostly formed in
the deeper atmospheric layers of HD 41076. Therefore, due to the
vertical stratification of titanium abundance the Ti II is slightly un-
derabundant, while the Ti I appears to be significantly overabundant
(see Fig. 6 and Table 6).
Meanwhile, the chromium, cobalt, zirconium, barium and
cerium show significant over-abundance (∼ +0.4 – +0.8 dex, see
Table 6) in the stellar atmosphere of HD 41076. At the same time
due to vertical stratification of their abundance the neutral zirco-
nium and cerium appear to be in deficit (see Fig. 7), while the
neutral chromium and cobalt show even higher abundance in the
dipper atmospheric layers of this star. The Mn I and Ni II are also
significantly overabundant. The Sr II, Ce II, Nd II and Dy II show
even stronger overabundance (∼ +1.4 – +2.8 dex) supporting an
idea that HD 41076 is a chemically peculiar star (see Fig. 5). Both
approaches used for the abundance analysis result in similar abun-
dances of the neutral and once ionised iron indicating that Fe II
appears to be overabundant compared to Fe I, which is slightly un-
derabundant (see Fig. 3).
Taking into account the error bars of the average abundance
estimates, the helium, oxygen, neon, aluminium, silicon, phos-
phor, sulfur, argon, scandium, yttrium and praseodymium have so-
lar abundance in HD 41076. For the sodium and zinc, we also have
c© 2016 RAS, MNRAS 000, 1–15
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Figure 6. Distribution of titanium, vanadium, chromium and manganese abundance with optical depth respectively in HD 41076 (left panel) and HD 148330
(right panel). These data are obtained for the neutral (triangles) and once ionised (circles) ions of the aforementioned chemical elements using the second
approach for abundance analysis (see Subsection 4.2). In the case of HD 148330, the results derived for the first spectrum (observed on Feb.10, see Table 1)
are presented by filled symbols and those derived for the second spectrum (observed on Feb.15, see Table 1) are shown by open symbols. Horizontal dashed
line specifies the solar abundance for each studied element.
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Figure 7. The same as at the Fig. 6, but for the yttrium, zirconium, cerium and neodymium.
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found that their abundance is close to the solar one. Nevertheless,
this result is obtained from the analysis of only one spectral line
for each element. Fig. 5 presents the average abundance of studied
chemical species with respect to their solar abundance and clearly
proves that HD 41076 does show some abundance peculiarities as
was indicated by Renson & Manfroid (2009).
Analysis of the two available spectra of HD 148330 shows that
the carbon, nitrogen, scandium and molybdenum are underabun-
dant (∼ -0.2 – -0.4 dex, see Table 7) in stellar atmosphere of this
star. The Ce I seems to be significantly (∼ -0.4 dex) underabundant,
but the abundance of Ce II, whose line cores are mostly formed in
the upper atmosphere, appears to be enhanced due the vertical strat-
ification of cerium abundance (see Fig. 7). The separate analysis of
two spectra of HD 148330 has provided quite different estimates
for the Ce I, Ce II and Pr II average abundances (see Table 7). This
also can be explained by the detected vertical and probably hori-
zontal stratification of cerium abundance.
Meanwhile, the neutral and ionised ions of the sodium, phos-
phor, titanium, vanadium, chromium manganese and nickel are sig-
nificantly overabundant (∼ +0.4 – +0.8 dex, see Table 6), while the
aluminium, cobalt, strontium, yttrium, zirconium, barium (Ba II),
and rare earth elements (REE : Ce, Pr, Nd, Sm, Eu, Gd, Dy) show
a strong (∼ +1.0 – +1.8 dex) overabundance in the stellar atmo-
sphere of HD 148330. In this star, the strongest (∼ +2.0 dex) over-
abundance is found for the Pr II (see Table 7). The Ne II, Si II, S II,
Ca II and Fe II (see Fig. 3) are slightly (∼ +0.2 – +0.4 dex) over-
abundant, while their neutral ions appear to have solar abundance
in one spectrum or an enhanced abundance in the other spectrum
(see Table 7).
The helium, oxygen, fluorine, magnesium, argon and copper
show solar abundance in the stellar atmosphere of HD 148330 tak-
ing into account the error bars of their average abundance estimates.
Fig. 5 shows a strong overabundance of REE and some metals in
stelar atmosphere HD 148330 that confirms its classification by
Zˇizˇnˇovsky´ (1980) as a chemically peculiar star.
5.2 Vertical abundance stratification
Fig. 3 shows the distributions of iron abundance with optical depths
obtained employing the first (upper panel) and the second (lower
panel) approaches for abundance analysis of iron in both stars (see
Section 4). In the case of HD 148330, its two available spectra were
combined for the abundance analysis employing the first approach.
For each studied star, both methods result in similar change of iron
abundance with optical depths, despite of different number of Fe I
and Fe II lines used for analysis. The second approach is sensitive
to the contribution of weak lines and therefore provides more data
for the deeper atmospheric layers, which themselves have smaller
precision of abundance estimate. In both stars the iron reaches its
minimum abundance, which is close to its solar abundance, in the
area of optical depths logτ5000 ≈ -4.0 – -3.6 (see Fig. 3). For both
stars we can see that in this area of optical depths the Fe I is statisti-
cally less abundant than the Fe II. Iron abundance tends to increase
towards the upper atmosphere by +0.6 dex in HD 41076 and by
+0.9 dex in HD 148330, and towards the deeper atmospheric layers
by +0.9 dex and +1.2 dex in HD 41076 and HD 148330 respec-
tively. In both stars the slopes of the increase of iron abundance
with the optical depths are significant. Similar behaviour of iron
abundance in the stellar atmospheres of HD 41076 and HD 148330
is not surprising because these stars possess similar effective tem-
perature and gravity (see Table 2).
The abundance change of titanium and chromium with opti-
cal depth in stellar atmosphere of HD 148330 are similar to the
vertical stratification of the iron abundance. The titanium abun-
dance reaches minimum corresponding to its solar abundance at
logτ5000 ≈ -6.0 – -4.5, while the chromium abundance reaches
its minimum that is close to its solar abundance in the area of
logτ5000 ≈ -5.0 – -3.5 (see Fig. 6). The titanium and chromium
are represented approximately by 110 and 140 lines in the two
available spectra of HD 148330 (see Table 7) and therefore we are
able to detect a significant increase of their abundance towards the
deeper and towards the upper atmospheric layers of this star. In
the spectrum of HD 41076 the titanium and chromium are repre-
sented with much smaller amount of spectral lines (see Table 6)
and we can not see clearly the minima in their abundance change
(see Fig. 6). The chromium abundance tends to increase towards
the deeper atmospheric layers of HD 41076 showing a significant
slope.
In both stars the manganese also shows a tendency to in-
crease its abundance towards the deeper atmosphere (see Fig. 6).
In the atmosphere of HD 41076 the vanadium is underabundant
and tends to decrease its abundance with the optical depths. In the
atmosphere of HD 148330 its abundance appears to be vertically
stratified (overabundant in the upper atmosphere and underabun-
dant in the deeper atmospheric layers). In the upper atmosphere of
HD 148330 the vanadium abundance seems to reach some plateau
(∼ +0.6 dex above its solar abundance) in the area of optical depths
of logτ5000 ≈ -7.0 – -5.0 and after it tends to decrease towards the
deeper atmospheric layers.
The abundance of yttrium seems to be vertically stratified in
the atmosphere of HD 148330 showing a significant overabundance
in the upper atmosphere and is less abundant at the deeper layers
(see Fig. 7). In the atmosphere of HD 41076 the yttrium is under-
abundant.
Abundance of the zirconium, cerium and neodymium shows
a significant enrichment (& +0.5 dex above its solar abundance)
in the upper layers of stellar atmosphere of both studied stars (see
Fig. 7). For HD 41076 we do not have enough data to search for
vertical stratification of Zr, Ce and Nd abundance. In the upper
atmosphere of HD 148330 the abundance of neodymium seems
to increase from the solar level at logτ5000 ≈ -7.0 by 2.0 dex at
logτ5000 ≈ -6.0. We have found a similar tendency of increase of
neodymium abundance from the analysis of two available spec-
tra of HD 148330, but the area of optical depth where we ob-
serve the abundance increase is quite narrow (see Fig. 7). The
abundance of Zr, Ce, Sm and Gd shows similar behaviour to the
neodymium abundance in the upper atmosphere of HD 148330.
For praseodymium we do not have have enough data to find out
if its abundance is vertically stratified or not. Meanwhile, zirco-
nium abundance seems to increase in the area of logτ5000 ≈ -7.5
– -5.0. The abundance of cerium first tends to increase towards the
deeper atmospheric layers and after drops down to the level of its
solar abundance (see Fig. 7).
6 DISCUSSION
Vertical stratification of element abundances in a hydrodynami-
cally stable atmosphere can be studied through the analysis of
multiple line profiles that belong to the same ion of the investi-
gated element, for instance, using the modified version of ZEE-
MAN2 code (Khalack & Wade 2006; Khalack et al. 2007). This
approach has been successfully employed to search for the sig-
natures of vertical abundance stratification in the atmospheres
c© 2016 RAS, MNRAS 000, 1–15
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Table 8. Fundamental stellar parameters employed in the second approach
and the velocities obtained by averaging the data from all (total number is
given in the brackets) analysed line profiles.
Parameter HD 41076 HD 148330
Feb. 10a Feb. 15a
Teff (K) 9483±100 9303±100
logg 3.69±0.10 3.70±0.10
[M/H] -0.5±0.1 0.0±0.1
V sin i (km s−1) 7.4±0.2 (350) 9.5±0.2 (580) 9.5±0.2 (555)
Vr (km s
−1) -13.7±0.2 (350) -3.5±0.2 (580) -3.5±0.2 (555)
Notes: aresults for two separate spectra (see Table 1)
of several BHB stars (Khalack et al. 2008; Khalack et al. 2010;
LeBlanc et al. 2010), one post-HB star (Khalack et al. 2014), and
several HgMn stars (Thiam et al. 2010). A number of the upper
main sequence CP stars observed in the frame of the VeSElkA
project (Khalack & LeBlanc 2015a; Khalack & LeBlanc 2015b)
have been studied using the aforementioned approach. The abun-
dance analysis resulted in detection of indications of vertical strat-
ification of iron abundance in stellar atmosphere of HD 95608
and HD 116235 (Khalack et al. 2013; LeBlanc et al. 2015) and
of chromium abundance in stellar atmosphere of HD 22920
(Khalack & Poitras 2015).
Here, we presented our estimate of the effective tempera-
ture, gravity and metallicity (see Fig. 1 and Table 2) in chemi-
cally peculiar stars HD 41076 and HD 148330, their radial ve-
locities, and V sin i obtained from the analysis of several hun-
dreds of spectral line profiles selected from the available spec-
tra of each star (see Table 8). Fitting of the Balmer line pro-
files with the help of FITSB2 code (Napiwotzki et al. 2004) pro-
vides similar values of Teff and logg for both studied stars (see
Table 2). For HD 41076 and HD 148330 the obtained val-
ues of Teff are consistent with the results derived from the c1
(Napiwotzki et al. 1993) and (B−V)0 (Netopil et al. 2008) photo-
metric temperature calibrations (see Tables 2, 3). The fitting proce-
dure has used the synthetic fluxes calculated for different metallic-
ities (Husser et al. 2013; Khalack & LeBlanc 2015a) and resulted
in the solar value of metallicity for HD 148330 and in M=-0.5 for
stellar atmosphere of HD 41076. The interpolation of data employ-
ing the izochrones (Bressan et al. 2012) closest to the position of
HD 41076 and HD 148330 in the HR diagram (see Fig. 2) allowed
us to derive their age, mass and surface gravity. For both stars the
derived gravities are consistent with the values of logg obtained
from the fitting of Balmer line profiles taking into account the esti-
mation errors (see Tables 2, 3).
The fitting of the Balmer line profiles with the FITSB2
code and the fitting of line profiles that belong to other
chemical elements employing the first (Khalack & Wade 2006;
Khalack et al. 2007) and the second (see Subsection 4.2) ap-
proaches for abundance analysis provide consistent values of ra-
dial velocity for both studied stars (see Tables 2 and 8). These
data are in a good accordance with the previously published data
Vr = -12.9± 2.8 km s
−1 for HD 41076 and Vr = -3.8± 1.7 km
s−1 for HD 148330 (Gontcharov 2006), and Vr = -4.0± 0.9 km
s−1 for HD 148330 (Zˇizˇnˇovsky´ & Romanyuk 1990) taking into ac-
count the estimation errors. Meanwhile, our estimates of the rota-
tional velocityV sin i (see Tables 5 and 8) appear to be much smaller
than the values (V sin i = 14 km s−1 for HD 41076 and V sin i = 18
km s−1 for HD 148330) found by Royer et al. (2002) for both stars.
Nevertheless, in the case of HD 148330 our result V sin i = 9.6±0.1
km s−1 is close to the values 11.6 km s−1 measured by Zˇizˇnˇovsky´
& Romanyuk (1990), 10 km s−1 derived by Abt & Morell (1995),
and 10.5±0.5 km s−1 obtained by Shorlin et al. (2002) for its ro-
tational velocity. Our estimates of the rotational velocities are ob-
tained from the analysis of a considerable number of line profiles
(see Table 8) with a significantly higher signal-to-noise ratio and
spectral resolution (see Section 2 and Table 1) than those used by
Royer et al. (2002). Therefore, we consider our V sin i values ob-
tained for both studied stars as more reliable and accurate data.
Comparative analysis of the results obtained with the first
(Khalack & Wade 2006; Khalack et al. 2007) and the second (see
Subsection 4.2) approaches to abundance analysis clearly shows
the advantage of the second one. The second approach allows to
prepare in a semi-automatic mode the input data for the modified
ZEEMAN2 code for each line profile and to analyse with it several
hundreds of those profiles in sequence during a single run of the
code. To reach better fit (smaller value for the χ2-function) we need
to repeat the simulation a few times imposing different initial values
of the searched parameters. Both approaches provide very similar
results of abundance analysis for all studied chemical elements (see
Tables 5, 6 and 7), but the second approach is semi-automated and
results in much bigger amount of abundance estimates spread over
the whole area of analysed optical depths. For each chemical ele-
ment, more information can be derived for the deeper atmospheric
layers trough the estimation of contribution of blends to the anal-
ysed profiles. Respectively the error-bars for abundance estimates
at the deeper atmospheric layers are much bigger that the error-bars
derived for the upper atmosphere (see Figs. 6, 7). The data derived
for the deeper atmosphere has also a higher distribution on abun-
dance scale. That can be explained in part by the errors in oscillator
strengths and dumping coefficients of weak spectral lines found
in the NIST (Kramida et al. 2015) and VALD3 (Kupka et al. 2000;
Ryabchikova et al. 2015) databases.
Our estimates of average abundance show that the carbon, ni-
trogen and molybdenum are in deficit, while the chromium, cobalt,
nickel, strontium, zirconium, barium, cerium, neodymium and dys-
prosium appear to be overabundant in both studied stars (see Ta-
bles 5, 6, 7). The abundance of iron and manganese seems to be
slightly enhanced in HD 41076 and HD 148330. The abundances
of Mg, Ca, Sc, V, Y and Sm in the stellar atmosphere of HD 41076
are significantly lower than their solar abundances, while the F, Cu
and Gd are in strong deficit (∼ -0.8 – -1.0 dex). In the stellar atmo-
sphere of HD 148330 the Co, Sr, Y, Zr, Ba and REE are strongly
enhanced showing overabundance ∼ +1.0 – +2.0 dex. The other
metals (like Ne, Na, Al, Si, P, S, Ca, Ti, V) are also overabundant
in this star. Our estimates of the Ca, Cr, Fe, Ni, Y, abundance from
the analysis of HD 148330 spectra are in good accordance with the
results derived by Zˇizˇnˇovsky´ (1980) for this star. The abundance
of Sc, Ti, V, Ce, Eu, Gd obtained in this study are smaller than the
abundance found for these elements by the aforementioned author.
Meanwhile, our estimates of the Si, Sr and Zr abundance appear to
be slightly higher than the ones reported by Zˇizˇnˇovsky´ (1980) for
HD 148330.
The peculiarities of chemical abundance found in this study
for HD 148330 and HD 41076 argue that these objects belong to
the class of CP stars. Both stars show an abundance peculiarity
for different chemical species (see Fig. 5) similar to those found
for other CP stars by Erspamer & North (2003) from the anal-
ysis of ELODIE spectra. Taking into account that HD 148330
has been classified previously as a SiSr star (Cowley et al. 1969;
Renson & Manfroid 2009) we confirm the strong enhancement of
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strontium abundance and the overabundance of Si II in the stellar
atmosphere of HD 148330 (see Table 7). Apparently, the iron peak
elements and the REE are in general much more abundant in the
stellar atmosphere of HD 148330 than in HD 41076, but some met-
als and REE are in deficit in HD 41076. This fact may suggest a
different chemical evolution of HD 148330 and HD 41076, that
otherwise posses similar fundamental stellar parameters (see Ta-
ble 3) except for their luminosity and age.
Use of the two approaches to study a variation of element’s
abundance with optical depth provides the same results for vertical
stratification of iron abundance for each studied star (see Fig. 3).
For other chemical species (like Si, Ti, Cr, etc.) we also have found
similar variation of their abundance with the optical depth using
the two applied approaches. In stellar atmospheres of HD 41076
and HD 148330 iron abundance reaches its minimum at the area of
optical depths logτ5000 ≈ -4.0 – -3.6, where the Fe I is statistically
less abundant than the Fe II. The iron abundance tends to increase
by +0.9 dex (and more) towards the upper and deeper atmospheric
layers with respect to this area in both stars. We also have found
similar behaviour for the titanium and chromium abundances in
the stellar atmosphere of HD 148330, where these elements are
represented with a significant number of lines (see Fig. 6). We
found that the abundance of titanium has a tendency to increase
towards the upper atmosphere, while the abundance of chromium
increases towards the deeper layers in the stellar atmosphere of
HD 41076. Manganese also appears to be vertically stratified in
both studied stars and its abundance increases towards the deeper
atmospheric layers. Vanadium tends to decrease its abundance with
optical depth in both stars. Nevertheless, in the upper atmospheric
layers of HD 148330 vanadium appears to be overabundant, while
in HD 41076 it is underabundant.
For both stars we have detected a significant enhancement of
some REE (Ce, Nd and Dy in HD 41076, and Ce, Pr, Nd, Sm, Eu,
Gd and Dy in HD 148330) in their upper atmospheric layers. Zirco-
nium is also significantly overabundant in the upper atmosphere of
both stars, while a strong yttrium enhancement we have found only
in the upper atmospheric layers of HD 148330 (see Fig. 7). In this
star abundance of yttrium and cerium first increases with optical
depth and after drops down almost to its solar value. These results
confirm the known fact first reported by Mashonkina et al. (2005)
that some CP stars show an overabundance of REE in their upper
atmospheric layers.
Zˇizˇnˇovsky´ & Romanyuk (1990) have found for HD 148330
a variable mean longitudinal magnetic field that can be rep-
resented by the inclined dipole model. For both stars studied
here we have estimated their mean longitudinal magnetic field
< Bz > (see Table 1) from analysis of Hα line core using the
method described by Landstreet et al. (2015). Our estimates
of < Bz > are consistent with the previously published results
(Zˇizˇnˇovsky´ & Romanyuk 1990; Shorlin et al. 2002) and show that
the mean longitudinal field is very small (< |Bz| >∼ 100G). The
magnetic field measurements in both stars are statistically very
close to zero taking into account the measurement errors and there-
fore we have not included it into the procedures of line profile fit-
ting and abundance analysis (see Subsection 3.3). Such a small
field can only affect a formation of spot structure with an over-
abundance of some metals or REE very close to magnetic poles
(Alecian & Stift 2010). Analysis of the two available spectra of
HD 148330 does not show a significant line profile variability that
may indicate a presence of some spot structure. Taking into account
that the derived mean longitudinal magnetic field is close to zero a
possible explanation here can be that we do not directly see the
magnetic poles in the case of these two spectra.
Nevertheless, in a hydrodynamically stable atmosphere even
with a small or no magnetic field the atomic diffusion can lead to a
vertical stratification of elements abundance (Michaud et al. 2015).
We would like to point out that the behaviour of the vertical stratifi-
cation of iron abundance found in both studied stars is similar to the
one derived by Alecian & Stift (2010) from theoretical simulations
for the zero-field equilibrium stratification of iron (see their Fig. 8),
but in a stellar atmosphere with Teff =12000K and log(g)=4.0.
Respectively, our data on vertical stratification of elements abun-
dance can be used to improve the modeling of element stratifi-
cations and time-dependent atomic diffusion in magnetic ApBp
stars and in non-magnetic CP stars as well (Alecian & Stift 2010;
Stift & Alecian 2012; Stift & Alecian 2016), and for development
and further improvement of realistic stellar atmosphere models
(Hui-Bon-Hoa et al. 2000; LeBlanc et al. 2009).
Both approaches can be used to analyse spectra of magnetic
CP stars if the signal in Stokes V (Q or U) profile of an in-
dividual line (observed for different rotational phases) is strong
enough to derive information about the configuration of magnetic
field. In this case the characteristics of magnetic field structure are
treated as free model parameters and the field strength at the mag-
netic pole should be at least few kG (Khalack & Landstreet 2012).
The second approach is more flexible because it can deal with
a blended line profile enlarged by the magnetic broadening, al-
though here we have to take into account maps of horizontal abun-
dance stratification of chemical species that contribute to this pro-
file (Khalack & Wade 2006).
For HD 41076 and HD 148330 we have calculated the models
of stellar atmosphere assuming a homogeneous abundance distribu-
tion of chemical elements. The detected vertical abundance stratifi-
cation of the aforementioned metals can affect the structure of stel-
lar atmosphere models used for the abundance analysis. Therefore,
as the next step we plan to calculate empirical model atmospheres
for these stars similar to those developed by Shulyak et al. (2009)
employing the LLmodels code (Shulyak et al. 2004), and use them
to refine our results of abundance analysis. The empirical models
of stellar atmosphere could be simulated with a new modified ver-
sion of PHOENIX 16 code. We expect that those models will take
into account detailed (with respect to the optical depths) stratifica-
tion profiles derived in the present study for each studied chemical
element.
ACKNOWLEDGMENTS
The authors are grateful to the anonymous referee for his (her) valu-
able suggestions that allowed to improve this manuscript and to
Dr. Schlafly for the help with determination of interstellar redden-
ing to the studied stars. G. Gallant and C. Thibeault are sincerely
thankful to the Faculte´ des E´tudes Supe´rieures et de la Recherch
de l’Universite´ de Moncton for the financial support of their re-
search. G. Gallant is also grateful to “Le fond en astronomie de
l’Universite´ de Moncton” for the financial assistance to carry out
the abundance analysis of HD 41076 using the first approach. Part
of calculations have been done on the supercomputer briarree of
the University of Montreal, under the guidance of Calcul Que´bec
and Calcul Canada. The use of this supercomputer is funded by the
Canadian Foundation for Innovation (CFI), NanoQue´bec, RMGA
and Research Fund of Que´bec - Nature and Technology (FRQNT).
c© 2016 RAS, MNRAS 000, 1–15
Project VeSElkA: HD 41076 and HD 148330 15
This paper has been typeset from a TEX/LATEX file prepared by the
authors.
REFERENCES
Abt H.A., Morell N.I., 1995, ApJS, 99, 135
Alecian G., Stift M.J., 2010, A&A, 516, 53
Bressan M.P., Girardi L., Salasnich B. et al., 2012, MNRAS, 427, 127
Castelli F., 2005, Memorie della Societa Astronomica Italiana Supplementi,
8, 44
Castelli F., Cowley C.R., Ayers T.R., et al., 2017, A&A, accepted
Cowley A., Cowley C., Jaschek M., Jaschek C., 1969, AJ, 74, 375
Cowley C.R., Elste G.H., Urbanski J.L., 1978, PASP, 90, 536
Donati J.-F., Semel M., Carter B.D., Rees D.E., Cameron A.C., 1997, MN-
RAS, 291, 658
Donati J.-F., Catala C., Landstreet J.D., Petit P., 2006, in Casini R. & Lites
B.W., eds, ASP Conf. Ser. Vol. 358, Solar Polarization 4, Boulder, p.
362
Erspamer D., North P., 2003, A&A, 398, 1121
ESA, 1997, The Hipparcos and Tycho Catalogues (ESA, SP Series 1200,
Noordwijk: ESA)
Green G.M., Schlafly E.F.; Finkbeiner D.P. et al., 2014, ApJ, 783, 114
Green G.M., Schlafly E.F.; Finkbeiner D.P. et al., 2015, ApJ, 810, 25
Gontcharov G.A., 2006, PAZh, 32, 844
Grevesse N., Asplund M., Suaval A.J., Scott P., 2010, Ap&SS, 328, 179
Grevesse N., Scott P., Asplund M., Sauval A.J., 2015, A&A, 573, 27
Hauck B., Mermilliod M., 1998, A&ASS, 129, 431
Hauschildt P. H., Baron E., Allard F., 1997, ApJ, 483, 390
Hauschildt P. H., Baron E., 1999, JCoAM, 109, 41
Hui-Bon-Hoa A., LeBlanc F., Hauschildt P. H., 2000, ApJ, 535, L43
Husser T.-O., Wende-von Berg S., Dreizler S. et al., 2013, A&A, 553, 6
Khalack V., Landstreet J., 2012, MNRAS, 427, 569
Khalack V., LeBlanc F., 2015a, AJ, 150, 1, id.2
Khalack V., LeBlanc F., 2015b, Advances in Astronomy and Space Physics,
5, 3
Khalack V., Wade G., 2006, A&A, 450, 1157
Khalack V., LeBlanc F., Bohlender D., Wade G., Behr B. B., 2007, A&A,
466, 667
Khalack V., LeBlanc F., Behr B.B., Wade G.A., Bohlender D., 2008, A&A,
477, 641
Khalack V., LeBlanc F., Behr B.B., 2010, MNRAS, 407, 1767
Khalack V., Yameogo B., Thibeault C., LeBlanc F., 2013, in Petit P., Jardine
M. & Spruit H.C., eds, Proc. IAU Symp. 302, Magnetic Fields through-
out Stellar Evolution. Cambridge univ. press, Cambridge, p. 272
Khalack V., Yameogo B., LeBlanc F. et al., 2014, MNRAS, 445, 4086
Khalack V., Poitras P., 2015, in Meynet G., Georgy C., Groh J.H. & Stee
Ph., eds, Proc. IAU Symp. 307, NewWindows on MAssive Stars. Cam-
bridge univ. press, Cambridge, p. 383
Khokhlova V.L., 1975, Azh, 52, 950
Kramida, A., Ralchenko, Yu., Reader, J., and NIST ASD Team
(2015). NIST Atomic Spectra Database (ver. 5.3). Available:
http://physics.nist.gov/asd. National Institute of Standards and Technol-
ogy, Gaithersburg, MD
Kupka F., Ryabchikova T.A., Piskunov N.E., Stempels H.C., Weiss W.W.,
2000, Baltic Astronomy, 9, 590
Landstreet J. D., 1988, ApJ, 326, 967
Landstreet J. D., Silaj J., Andretta V. et al., 2008, A&A, 481, 465
Landstreet J. D., Bagnulo S., Valyavin G.G. et al., 2015, A&A, 580, 120
LeBlanc F., Monin D., Hui-Bon-Hoa A., Hauschildt P.H., 2009, A&A, 495,
337
LeBlanc F., Hui-Bon-Hoa A., Khalack V., 2010, MNRAS, 409, 1606
LeBlanc F., Khalack V., Yameogo B., Thibeault C., Gallant I., 2015, MN-
RAS, 453, 3766
van Leeuwen F., 2007, A&A, 474, 653
Maitzen H.M., 1984, A&A, 138, 493
Mashonkina L., Ryabchikova T., Ryabtsev A., 2005, A&A, 441, 309
Mathys G., Hubrig S., 1997, A&ASS, 124, 475
Michaud G., 1970, ApJ, 160, 641
Michaud G., Tarasick D., Charland Y., Pelletier C., 1983, ApJ, 269, 239
Michaud G., Alecian G., Richer J., 2015, Atomic Diffusion in Stars,
Springer International Publishing, Switzerland, p.327
Mihalas D., 1965, ApJS, 9, 321
Napiwotzki R., Scho¨nberner D., Wenske V., 1993, A&A, 268, 653
Napiwotzki R., Yungelson L., Nelemans G. et al., 2004, in: Hilditch R. W.,
Hensberge H. & Pavlovski K., eds, ASP Conf. Ser. Vol. 318, Spectro-
scopically and Spatially Resolving the Components of the Close Binary
Stars, San Francisco, p. 402
Netopil M., Paunzen E., Maitzen H.M., North P., Hubrig S., 2008, A&A,
491, 545
Preston G.W., 1974, A&AS, 12, 257
Renson P., Manfroid J., 2009, A&A, 498, 961
Romanyuk I.I., Semenko E.A., Kudryavtsev D.O., 2014, Astrophysical Bul-
letin, 69, 4, 427
Royer F., Grenier S., Baylac M.-O., Gomez A.E., Zorec J., 2002, A&A,
393, 897
Ryabchikova T.,Wade G.A.; LeBlanc F., 2003, in Piskunov N.,WeissW.W.,
& Gray D.F., eds, Proc. of IAU Symp. 210, Modelling of Stellar Atmo-
spheres. Astronomical Society of the Pacific, p. 301
Ryabchikova T., Leone F., Kochukhov O., Bagnulo S., 2004, in Zverko J.,
Zˇizˇnˇovsky´ J., & Adelman S.J., Weiss W.W., eds, Proc. of IAU Symp.
224, The A-Star Puzzle. Cambridge univ. press, Cambridge, p. 580
Ryabchikova T., Kochukhov O., Bagnulo S., 2008, A&A, 480, 811
Ryabchikova T., Piskunov N., Kurucz R.L., Stempels H.C., Heiter U.,
Pakhomov Yu., Barklem P.S., 2015, Physics Scripta, 90, 5, id. 054005
Schlafly E.F., Finkbeiner D.P., 2011, ApJ, 737, 103
Schlafly E.F., Green G., Finkbeiner D.P. et al., 2014, ApJ, 789, 15
Scott P., Grevesse N., Asplund M. et al., 2015, A&A, 573, 25
Scott P., AsplundM., Grevesse N., Bergemann M., Sauval A.J., 2015, A&A,
573, 26
Shorlin S.L.S., Wade G.A., Donati J.-F., et al., 2002, A&A, 392, 637
Shulyak D., Tsymbal V., Ryabchikova T., Stu¨tz Ch., Weiss W.W., 2004,
A&A, 428, 993
Shulyak D., Ryabchikova T., Mashonkina L., Kochukhov O., 2009, A&A,
499, 879
Smith K.C., 1996, Ap&SS, 237, 77
Smith K.C., Dworetsky M.M., 1993, A&A ,274, 335
Sokolov N.A., 1998, A&AS, 130, 215
Stift M.J., Alecian G., 2012, MNRAS, 425, 2715
Stift M.J., Alecian G., 2016, MNRAS, 457, 74
Stro¨mgren B., 1966, ARA&A, 4, 433
Thiam M., LeBlanc F., Khalack V., Wade G.A., 2010, MNRAS, 405, 1384
Zabriskie F.R., 1977, PASP, 89, 561
Zˇizˇnˇovsky´ J., 1980, BAICz, 31, 300
Zˇizˇnˇovsky´ J., 1983, IBVS, 2366, 1
Zˇizˇnˇovsky´ J., Romanyuk J., 1990, BAICz, 41, 118
c© 2016 RAS, MNRAS 000, 1–15
